Introduction
Regeneration is a research area that has captivated the imagination of biologists for decades. Mammals can regenerate a limited number of structures including skin, Well-defined signaling molecules are similarly involved in regulating appendage development in a number of species from flies to humans [9] . While there are obvious differences in size, shape and function among these nonhomologous appendages, what is more interesting from a developmental perspective is what signaling mechanisms are conserved among them. For example, key members of the fibroblast growth factor (FGF) and wingless (Wnt) families are well-defined players in human, mouse, chicken, tadpole and fruit fly limb development [10] [11] [12] , suggesting that while final limb structures might vary in form and function, the molecular networks used to create these appendages are conserved across multiple species.
In the case of limbs or fins, the signaling pathways that initiate and maintain appendage development are reactivated to promote regeneration in certain nonmammalian species following amputation. In addition, conservation of morphological and molecular events among different regenerating systems within the same species has been extensively reported. For example, there is growing evidence to suggest that zebrafish heart and fin regeneration have a high degree of commonality with respect to key signaling pathways that are involved in promoting regeneration following a surgical wound. The nightcap zebrafish mutant, harboring a temperature-sensitive mutation in the mps1 gene, and the nbl (no blastema) zebrafish mutant, containing a missense mutation in hsp60, fail to regenerate both heart and fin tissue [1, 13, 14] . Mps1 and hsp60 are also required for regeneration of light-damaged retinal neurons [15] . In addition, knockdown of FGF signaling using a dominant negative FGF receptor 1 (fgfr1) transgenic line impaired both heart and caudal fin regeneration through impairment of revascularization or blastemal proliferation, respectively [16, 17] . At the gene expression level, Lien et al. [18] showed that 132 out of 662 genes that are differentially expressed in regenerating heart tissue are similarly up-or downregulated in regenerating fins. However, the same study noted that 491 and 892 genes were differentially expressed in either regenerating heart or fin tissue, respectively [18, 19] . In situ expression analysis has also been used to demonstrate conservation of spatial and temporal gene expression in different regenerating tissues. For example, expression patterns of notch1b and deltaC, members of the Notch signaling pathway, are induced early after heart amputation, as well as in the regenerating fin blastema, but not in nonamputated fin or heart tissue [20] . Expression of simplet (smp), a gene associated with the regulation of cell proliferation, has been similarly localized to regenerating heart and fin tissue [21] . Taken together, these studies support the concept that a common group of signaling molecules are likely involved in both fin and heart regeneration but that many tissue-specific factors are also required. This is not surprising, considering that cardiac regeneration stems from cardiomyocyte proliferation [16] while fin regeneration is achieved via dedifferentiation of mesenchymal cells to form a mass of undifferentiated proliferative cells called a blastema [reviewed in 13 ] . Although zebrafish can regenerate a diverse array of complex tissue types, the caudal fin regeneration model is primarily used to investigate regenerative mechanisms because of the ability to perform easy external surgeries, symmetric fin architecture, limited cell type composition and rapid regeneration time.
Caudal Fin Architecture
Zebrafish caudal fins are complex structures that contain 16-18 lepidotrichia (fin rays) connected by soft tissue interrays that lack skeletal elements. The fin rays are a series of bony segments comprised of a pair of concave hemirays surrounded by a monolayer of scleroblasts (bone-secreting cells). The hemirays function to protect an intraray core consisting of mesenchymal cells, blood vessels, nerves, melanocytes and fibroblasts. Mesenchymal compartmental components are also present in the interray space. The entire multi-ray fin is covered by an epithelial cell layer. The fin displays an indeterminate ontogenetic growth pattern, meaning that fin growth occurs by the gradual addition of bony ray segments to the distal tip of the fin.
completed in approximately 3 days in larval fish and 2 weeks in adult fish [reviewed in 22 ] . Epimorphic regeneration is a term used to describe a regenerative process involving the formation of a mass of undifferentiated proliferative multipotent mesenchymal cells called a blastema [23] . In the adult model, an initial wound healing stage, characterized by nonproliferative lateral epithelial cell migration over the wound and subsequent formation of the apical epidermal cap (AEC), is initiated immediately following surgical removal of caudal fin tissue [24] . Second, the wound epithelium thickens and mesenchymal tissue proximal to the amputation plane begins to disorganize. Cellular disorganization is thought to occur as a result of growth factors that originate from the mature wound epidermis and stimulate mesenchymal cells to dedifferentiate and proliferate as they migrate distally towards the area directly proximal to the AEC [24] . In the third stage, a series of blastemas form at the severed portion of each amputated fin ray. Blastema formation is the main event that distinguishes regeneration from limb development. The blastema is an accumulated mass of progenitor cells that are thought to be pluripotent or able to produce daughter cells capable of differentiating into a variety of cell types required to populate the regenerating tissue. Although pluripotency is inferred from aforementioned migratory and proliferative qualities, lineage-trac- Major signaling events that choreograph epimorphic fin regeneration in zebrafish caudal fins. A series of cartoons depicting the longitudinal section of a single adult fin ray during the major stages of regeneration are shown. Arrows do not necessarily imply direct events. a Mature fin ray covered by epithelium containing a series of bony segments that protect a mesenchymal core. b Following amputation, epithelial cells (blue) migrate laterally over the wound to form the AEC. Both Wnt/ ␤ -catenin and FGF signaling are involved in cell specification during wound healing. c Following formation of the AEC and immature blastema (not pictured), blastemal cells segregate into the distal blastema (purple) and highly proliferative proximal blastema (red). Wnt/ ␤ -catenin and FGF signaling are required for blastema formation. miR-203 and miR-133 negatively regulate Wnt/ ␤ -catenin and FGF signaling pathways, respectively. Overrexpression of wnt5b inhibits blastema formation. d Wnt/ ␤ -catenin and FGF signaling are required for regenerative outgrowth. wnt5b acts as a negative regulator of canonical Wnt signaling, and wnt5b expression is controlled in part by FGF signaling in the distal epithelium. Activin-␤ A influences patterning and RA, hedgehog, and BMP signaling regulate patterning and bone deposition during regenerative outgrowth. Both Wnt and FGF signaling activate shh, while smp acts as a negative regulator of shh. e FGF signaling influences positional memory and regenerative termination. The immature blastema proliferates slowly with a median G2 cell cycle time of 1 6 h [24] . Twenty-four hours following caudal fin amputation, blastemal cells segregate into two morphologically identical, but functionally distinct, subpopulations. The distal blastema, located proximally to the AEC, contains msxb-positive cells, proliferates extremely slowly and is hypothesized to specify the regenerating boundary and direct regenerative growth [24] . In sharp contrast, the proximal blastema contains a rapidly proliferative mass of msxb-negative cells with a mean G2 time of ! 60 min. Together, the proximal and distal blastema form a proliferation gradient with a 50-fold difference in proliferation across an approximate distance of 50 M or 10 cell diameters [24] .
The next phase of regenerative outgrowth is marked by intense proliferation in the proximal blastema. A moderately proliferative patterning zone is located immediately proximal to the proximal blastema. The patterning zone contains newly divided cells that migrate to appropriate locations and differentiate to populate the new tissue with mesenchymal cells and fibroblasts. The location and functional differences between the distal and proximal blastema and patterning zone are thought to be generated and maintained through epithelial-mesenchymal interactions [13, 25] . The final stage, regenerative termination, is not well understood. Fin regeneration proceeds rapidly until the preamputation fin length is reached, at which point it switches to an ontogenetic growth mechanism. It is speculated that termination occurs by either an unknown active termination mechanism or by cessation of regenerative signaling [22] . In an adult fin model, outgrowth occurs from 2 days after amputation (dpa) until the regenerative event is complete at about 14 dpa (at 28 ° C). Regeneration occurs more quickly at higher temperatures.
Signaling and Epimorphic Regeneration
The central goal of regeneration research is to elucidate the molecular signaling networks that coordinately function to promote regeneration. In other words, to identify the signaling molecules that induce epithelial wound healing, blastema formation, regenerative outgrowth and termination of regenerative signaling. There has been significant progress in identifying genes and signaling pathways that function during early fin regeneration through the use of mutagenic screens, loss of function and gain of function experiments, gene expression studies and chemical genetics approaches. These approaches have collectively revealed information regarding key pathways that choreograph distinct regenerative stages. The following sections will discuss the main signaling pathways currently known to promote and regulate regenerative signaling in the zebrafish caudal fin (summarized in fig. 1 ).
Canonical Wnt Signaling Is Required for Wound Healing, Blastema Formation and Regenerative Outgrowth
Wnts are cysteine-rich secreted glycoprotein ligands that regulate cell fate, polarity, motility and proliferation during development through the activation of multiple intracellular signaling cascades [26] . Wnts bind to members of the Frizzled (FZD) serpentine receptor family to activate canonical signaling that involves ␤ -catenin or noncanonical signaling that occurs independently of ␤ -catenin [27] . In the absence of Wnt signaling, cytosolic ␤ -catenin is complexed with the scaffolding proteins APC, Axin 1, Axin 2 and targeted for rapid proteosomal degradation following phosphorylation by the serine threonine kinases CKI ␣ and GSK3 ␤ [26, 28] . Binding of a Wnt ligand to FZD and low-density-lipoprotein receptor-related protein (LRP) 5/6 coreceptors [29] results in inactivation of the APC-Axin-GSK3 ␤ inhibitory complex and stabilization of ␤ -catenin. Liberated ␤ -catenin translocates to the nucleus, displaces groucho and HDAC corepressors from the T cell-specific factor/lymphoid enhancer-binding factor 1 (TCF/LEF1) and recruits histone acetylase CBP/p300 to activate TCF/LEF1-targeted gene expression [29] . Further regulation of canonical Wnt signaling is conferred by the FZD antagonists Wnt inhibitory factor 1 and secreted FZD-related proteins, both of which compete with Wnts for access to FZDs [30] . Cell surface levels of LRP5/6 are regulated by Dickkopf proteins (Dkks) [31] . Dkks act as LRP antagonists to impair canonical Wnt signaling by reducing LRP5/6 receptor density through the induction of LRP5/6 internalization [32, 33] . The activity of Dkk is countered by the R-Spondin1 family of secreted proteins which antagonize Dkkmediated internalization of LRP6 [34] .
Wnt signaling was first implicated in zebrafish fin regeneration through the involvement of the Wnt pathway target Lef1 [35] . Lef1 expression was observed in the wound epithelium immediately distal to the amputation plane at 12 h post amputation, suggesting a role for Wnt signaling in subsequent blastema formation. Importantly, treatment with retinoic acid (RA) or the FGF inhibitor SU5402 failed to prevent lef1 expression in the wound epithelium, suggesting that Wnt signaling acts upstream of FGF and RA signaling pathways. In support of these findings, treatment with Dkk1, an inhibitor of canonical Wnt signaling, blocks both fin regeneration and expression of the FGF target Mkp3 [36] . Similarly, overexpression of Dkk1 using a heat shock-inducible transgenic line has been reported to completely inhibit fin regeneration and expression of fgf20 [37] . Interestingly, a regeneration mutant that was identified in a small-scale mutagenesis screen exhibited decreased lef1, mkp3 and msxb expression following amputation [36] . Both the nonregenerative phenoptype and lef1, mkp3 and msxb expression deficiencies were rescued by ␤ -catenin overexpression. Taken together, these data indicate the importance of canonical Wnt signaling in epimorphic fin regeneration.
The notion that Wnt signaling is required for blastema formation is supported by an elegant series of experiments utilizing adult heat shock-inducible transgenic fish that express Dkk1, a potent inhibitor of canonical Wnt signaling [37] . Inducible expression of Dkk1 was stimulated during each phase of regeneration (0-1 dpa, wound healing; 1-2 dpa, blastema formation; 2-7 dpa, blastema proliferation and regenerative outgrowth) followed by assessment of gross morphology and histology, proliferation and expression of regenerative markers. Heat shock at 0 or 1 dpa prevented formation of the regeneration blastema and expression of lef1 and msxb, indicating that impairment in Wnt signaling results in the incorrect specification of the blastema mesenchyme and basal epithelial layer [37] . Expression of Dkk1 following blastema formation resulted in marked reduction in epithelial and mesenchymal proliferation, which indicates that Wnt signaling controls blastema maintenance during regenerative outgrowth. Although Wnt/ ␤ -catenin loss of function studies resulting from overexpression of Dkk fail to prevent lateral epithelial migration over the wound, impairment of Wnt signaling reportedly results in improper specification of the wound epithelium [36, 37] .
Chemical genetics approaches have further supported the role of Wnt signaling in epimorphic regeneration, demonstrating that both inhibition and inappropriate activation of Wnt signaling similarly result in impaired regenerative abilities [38] [39] [40] . Through the use of a diverse synthetic chemical library, a new class of Wnt pathway inhibitors was revealed to negatively impact fin regeneration [38] . This class of compounds prevents destruction of Axin proteins, thereby inhibiting liberation of ␤ -catenin from the APC-Axin-GSK3 ␤ inhibitory complex and increasing phosphorylation and subsequent degradation of ␤ -catenin. Our group has shown that inappropriate activation of Aryl hydrocarbon receptor signaling following 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) exposure impairs tissue regeneration in larval and adult zebrafish [41, 42] . Comparative toxicogenomic analysis revealed misexpression of Wnt signaling pathway genes in TCDD-exposed fin regenerates [43] . R-Spondin1, a potent activator of Wnt/ ␤ -catenin signaling was highly expressed in fin tissue of TCDD-exposed fish following amputation. Although R-Spondin1 does not directly activate Wnt signaling, it interferes with Dkk/kremen-mediated internalization of the FZD coreceptor LRP5/6 resulting in increased LRP5/6 receptor density [34] . In support of this, we have prevented TCDD-induced inhibition of fin regeneration in loss of function experiments targeting R-Spondin1 or LRP5/6 [43] . This suggests that TCDD impairs regeneration through inappropriate activation of canonical Wnt signaling. These studies also highlight the utility of chemical genetics approaches in revealing novel molecular targets involved in tissue regeneration.
FGF Signaling Is Involved in Wound Healing, Blastema Formation and Regenerative Outgrowth
FGFs are members of a large family of short secreted polypeptides that bind heparin and induce dimerization/ activation of tyrosine kinase fgfr. FGF signaling is reportedly involved in mammalian wound healing, angiogenesis, embryonic development and heart, tail, limb and skeletal muscle regeneration [1, 12, 44, 45] . There are several lines of evidence supporting a role for FGF signaling in epimorphic regeneration. In the adult fin model, fgfr1 is expressed in mesenchymal cells located proximal to the wound epidermis [45] . Chemical impairment of fgfr1 signaling reportedly blocks blastema formation and expression of the msx homeobox domain genes, msxb and msxc [45] , which are putative markers of undifferentiated, proliferating cells in regenerating fin tissue [46] . In support of these findings, morpholino knockdown of fgfr1 reduces msxb and msxc expression in the adult fin [47] . Additionally, knockdown of FGF signaling using a dominant negative fgfr1 transgenic line impaired both heart and caudal fin regeneration [16, 17] . Furthermore, a genetic screen for temperature-sensitive regeneration mutants revealed a devoid of blastema (dob) mutant that failed to initiate regeneration [48] . The dob mutant contains a null mutation in the ligand Fgf20a that results in the absence of mesenchymal proliferation during blastema formation. Fgf20a mutants display abnormalities in the wound epithelium following amputation, suggesting that FGF signaling regulates aspects of wound healing [48] .
In addition to wound healing and blastema formation, FGF-dependent signaling has been implicated in patterning during regenerative outgrowth. Treatment with an fgfr1 inhibitor following blastema formation (48 h post amputation) inhibited regenerative outgrowth and decreased msxb and msxc expression in the regenerate [45] . Taken together, these studies provide strong evidence supporting a role for FGF signaling in wound healing, the initiation of blastema formation and regenerative outgrowth.
Activin-␤ A and RA Signaling Is Involved in Patterning
The ability of cells to determine their position in three dimensions is critical for the establishment of proper patterning in a regenerating fin [49] . Some of the earliest work using the zebrafish caudal fin model has demonstrated an essential role for RA signaling in patterning during epimorphic regeneration. Retinoic acid receptor gamma (RAR gamma) is expressed in the blastema and exposure to RA during fin regeneration causes morphological changes in the regenerate [50, 51] . RA inhibits regeneration by impacting the size of the wound epidermis, thereby impinging on patterning within the blastema [52] , in addition to inducing apoptosis in the apical epithelial cap [53] (see Addendum).
Our group has recently conducted a large-scale chemical library screen to identify modulators of larval tissue regeneration [39] . We found that 5 members of the glucocorticoid family similarly impaired fin regeneration [39] . These data were confirmed using the model glucocorticoid receptor (GR) agonist beclomethasone dipropionate (BDP). Transient knockdown of GR activity by morpholino injection blocked BDP-induced impairment of fin regeneration [39] . These data indicate that the inhibitory effects of BDP exposure on tissue regeneration are GR dependent. In order to identify the molecular targets of inappropriate GR activation, we examined BDP-induced gene expression changes in regenerating fin tissue. Cripto (TDGF-1), an inhibitor of Activin-␤ -A signaling, was one of the most highly induced genes among the differentially expressed transcripts (S. Sengupta, unpublished observations). Using SB431542, an Activin signaling inhibitor, we confirmed that Activin signaling was critical for larval tissue regeneration (S. Sengupta, unpublished observations). Collectively, these data support the relevance of using chemical genetics to unravel the signaling pathways that dictate regeneration.
Hedgehog Signaling Controls Skeletal Regeneration and Patterning
Mainly through marker analysis, a number of genes are hypothesized to play a role in skeletal regeneration. Sonic hedgehog (shh) [54] , its membrane-bound receptor patched1 (ptc1) [54] , and bone morphogenic protein 2b (bmp2b) [54, 55] , bmp4 [55] , and bmp6 [56] have been localized in the distal stump of each amputated ray in adult zebrafish regenerates (regenerated tissue). Blastema cells in contact with the epidermal layer differentiate into scleroblasts that ultimately give rise to connective and skeletal components of the regenerating fin tissue. Scleroblasts synthesize and release dermal bone matrix into the sub-epidermal space that is progressively mineralized to yield new skeletal structures [56] . Both shh and bmp signaling have been implicated in the regeneration of dermal bone [55, 56] . Quint et al. [55] showed that ectopic expression of shh or bmp2 in the blastema of regenerating fins resulted in excess bone deposition and abnormal patterning in the regenerate [55] . The same study reported that co-injection of exogenous shh with the bmp inhibitor chordin markedly reduced abnormal bone fusions induced by ectopic shh expression. A subsequent study from the same group demonstrated that injection of chordin failed to prevent shh and ptc1 expression [56] . Together, these data imply that shh activation occurs upstream of BMP signaling with regard to patterning during regenerative outgrowth.
Negative Regulators of Fin Regeneration
Previous sections have highlighted the growing field devoted to unraveling the signaling pathways that initiate and promote fin regeneration. Beyond initiation, the regenerative process must also be tightly regulated to prevent mispatterning or appendage overgrowth. However, little is known regarding mechanisms that regulate signaling molecules that promote regeneration of those pathways that control termination of fin growth following amputation. It is thought that termination occurs by either an unknown active termination mechanism or by gradual cessation of regenerative signaling [22] . Fin regeneration proceeds rapidly until the preamputation fin length is reached, at which point it switches to an ontogenetic growth mechanism. Although the mechanisms that negatively regulate regeneration are unknown, a relatively small number of signaling molecules have been identified that play a role in the process.
In addition to wound healing, blastema formation and regenerative outgrowth, FGF-dependent signaling has been implicated in positional memory and patterning during regenerative outgrowth, thereby influencing regenerative termination. Positional memory is the term used to describe the rate of tissue regeneration coupled with the precise regulation of tissue regeneration such that only the appropriate structures are replaced [17] . Following amputation, Lee et al. [17] showed that different fin growth rates ensue dependent upon the location of the amputation plane relative to the distal tip of the fin. In the same study, use of a conditional dominant negative fgfr1 zebrafish line driven by a heatshock promoter revealed that the level of FGF signaling determines the growth rate.
Noncanonical Wnt signaling has recently been implicated in negatively regulating regeneration following fin amputation. Specifically, noncanonical ␤ -catenin-independent Wnt signaling was shown to block fin regeneration likely via impairment of Wnt/ ␤ -catenin signaling [37] . Stoick-Cooper et al. [37] reported inhibition of regeneration, cell proliferation, and Wnt target gene expression in heat shock-inducible transgenic fish that overexpressed Wnt5b. Importantly, the same study showed that homozygous mutants for Wnt5b displayed increased rates of regeneration and increased fin size following regeneration relative to wild-type controls. The authors postulate that Wnt5b negatively regulates Wnt/ ␤ -catenin signaling to regulate the size of the regenerate such that only the necessary structures and tissues are replaced.
Although the possibility of cross talk between FGF and Wnt signaling has been raised by others [37] , a recent paper by Lee et al. [25] highlights both the restrictive and permissive roles of epidermal FGF signaling over Wnt signaling and blastemal proliferation in regenerating fin tissue. FGF signaling was shown to promote shh and lef1 expression in proximal epidermal cells, whereas wnt5b and possibly other inhibitory factors induced by FGF and Ras signaling function to restrict shh and lef1 expression from distal areas of the epidermis. This demonstrates the role of FGF and Wnt pathways in compartmentalizing hedgehog signaling, and, in turn, spatially regulating blastemal proliferation during regeneration.
In addition to noncanonical Wnt and FGF signaling, a recent paper has described the role of simplet (smp/ fam53b) in the regulation of skeletal regeneration in the fin. Morpholino knockdown of smp expression resulted in increased shh expression and inappropriate bone deposition in regenerating fin tissue [21] . Because shh is known to regulate bone patterning during regenerative outgrowth, the authors speculate that smp negatively regulates shh-dependent signaling [21] . Interestingly, in contrast to the study by Stoick-Cooper et al. [37] , inhibition of smp signaling impaired regenerative outgrowth, suggesting that the mechanism by which smp influences positional memory is likely complex and may involve spatiotemporal considerations.
Noncoding RNAs Negatively Regulate Epimorphic Regeneration
MicroRNAs (miRNAs) are a class of noncoding RNAs that are ϳ 22 nucleotide, single-stranded molecules characterized by a hairpin structure [57] . They have been identified as important endogenous posttranscriptional regulators controlling expression of approximately 60% of mammalian genes [58] . Following miRNA transcription and processing, one strand of the mature miRNA is incorporated into the RNA-induced silencing complex (RISC) [59] . The RISC-miRNA complex is guided to the 3 UTR of its target mRNA. Binding of miRNA to its complementary sites on target mRNA is followed by either de-adenylation and/or translational repression of target mRNAs leading to gene silencing [59] . Recently, two studies have shown that small noncoding RNAs regulate fin regeneration collectively identifying an immense new network of signaling players whose role in regeneration is not well understood [60, 61] . By knocking down dicer, Thatcher et al. [60] showed that miRNA biogenesis is necessary for regeneration in the adult fin model. The same study reported that miR-203 negatively regulates protein levels of the downstream Wnt signaling molecule Lef1, supporting the general hypothesis that downregulation of miRNAs permits the expression of target genes necessary for regeneration [60] . In a separate study, FGF-dependent depletion of miR-133 allowed expression of the miR-133 target gene mps1 kinase, a positive regulator of fin regeneration [62] . Taken together, these data support miRNA depletion as a mechanism for tissue generation and reveal a new level of regenerative signaling complexity.
Larval Fin Regeneration Model
The adult fin regeneration model has unique advantages, but its usefulness as a regenerative model is limited by technical barriers such as the length of time necessary to raise adult fish (2-4 months) and allow for complete fin regeneration (12-14 days) as well as difficulty in achieving genetic manipulation in the fin. It is particularly challenging to study early signaling events that promote blastema formation because wound healing must occur prior to microinjection of antisense oligonucleotides that are commonly used in loss of function experiments. Recently, it was reported that the fin primordia is capable of complete regeneration (2-5 days after fertilization) similar to the adult zebrafish [63] . Morphologically, even in the absence of complete cellular differentiation, the larval fin regenerates similarly to the adult by the development of an apical wound epithelium followed by blastema formation, which later proliferates and differentiates into the required cell types [63] . Also, similar to the adult zebrafish, chemical inhibition of fgfr1 by SU5402, aryl hydrocarbon receptor activation by TCDD and GR activation by beclomethasone abrogated larval fin regeneration [39, 41, 42, 45, 63] , suggesting that there are similarities at the cellular and molecular level between adult and larval regeneration. Mainly through marker analysis, Yoshinari et al. [64] showed that a number of genes including dlx5a, msxe, junbl, ilf2, mvp, phlda2, mmp9, hspa9, junb and smarca4 are expressed in conserved domains in both the larval and adult models (see Addendum). In summary, these data suggest that there is a high probability of common hierarchical molecular signaling pathways across different regeneration systems. While there are many powerful zebrafish regeneration models available, we believe that the larval caudal fin model is an outstanding regenerative platform because of the sheer number of embryos available daily in any zebrafish facility, its genetic tractability (access to the one-cell stage) and the ability to perform noninvasive amputations.
Emerging Themes and Perspectives
The field of regenerative medicine is aimed at awaking our latent ability to replace damaged tissues and structures by reactivating evolutionarily conserved signaling pathways that promote regeneration. Regenerative medicine is generally approached from two distinct angles. In recent years, stem cell-based models have been developed to generate a suite of differentiated cells suitable for implantation into patients. Alternatively, studies employing nonmammalian models designed to define the molecular events that permit tissue regeneration continue to identify signaling molecules that promote or suppress regenerative signaling for potential use in the clinic. Among the molecular networks discussed in this mini-review, FGF and Wnt signaling have emerged as two main signaling pathways that regulate virtually all aspects of epimorphic fin regeneration. Importantly, these signaling networks have been shown to be influential regulators of heart [16, 37] , retina [65] [66] [67] and skeletal muscle [68, 69] regeneration and in the case of Wnt, liver [70, 71] and sensory hair cell [72] regeneration. Therefore, while the overall form and function of regenerating tissues may vary, some of the molecular mechanisms that dictate regeneration are likely conserved. Continuing studies designed to investigate how spatially restricted gene expression positively or negatively regulates regeneration, as well as how these molecular signaling networks interact with one another will be crucial to move the field forward. Ultimately, a better understanding of the complexity of signaling events that choreograph epimorphic regeneration will provide new avenues for comparative studies in mammalian models with the hope of developing novel therapeutics to slow or prevent tissue loss from aging, injury and disease.
